Introduction
Prostate cancer screening using serum prostate specific antigen (PSA) testing continues to be controversial, despite two large randomized studies evaluating whether PSA screening reduces mortality. On one hand, appropriately conducted prostate cancer screening offers the opportunity to reduce morbidity and mortality due to prostate cancer (1) . On the other, PSA-based screening is associated with significant over-diagnosis and overtreatment with resultant morbidity (2) . Thus, more nuanced approaches to PSAscreening have been sought. These include the use of nomograms, novel biochemical markers, and imaging approaches. These have only been employed among men identified at risk based on an elevated serum PSA level. We review the perspective on the role of multiparametric magnetic resonance imaging (mpMRI) in prostate cancer screening.
13 years of follow up (6) , the absolute risk reduction in prostate cancer mortality from PSA screening was 0.11 per 1,000 person years or 1.28 per 1,000 men randomized. This risk reduction has increased with increasing duration of follow up. Additional analysis has shown an absolute risk reduction of developing metastatic disease was 3.1 per 1,000 men randomized (7) . In a subgroup of the ERSPC with longer follow-up, the absolute risk reduction in prostate cancer mortality was 4.0 per 1,000 men randomized (8) . This corresponds to a number needed to screen of 293 to prevent one prostate cancer death.
The original report of the PLCO study showed no difference in prostate cancer related mortality between formally screened and unscreened men, despite a significant increase in the rate of prostate cancer diagnosis (5) . Since that time, further analyses of this cohort have demonstrated similar results. The validity of this dataset has been questioned due to the large degree of contamination of the control group (9) and the poor study power. Thus, it is unlikely that further follow-up studies or additional analyses will change the initial results.
In their review of the literature surrounding PSA-based prostate cancer screening in 2012, the U.S. Preventative Services Task Force (USPSTF) concluded that such screening resulted in minimal decreases in prostate cancer mortality (0 to 1 prostate cancer deaths per 1,000 men screened) with significant harm due to medical evaluation including biopsy, over-diagnosis and overtreatment (2) . Thus, the USPSTF concluded, with moderate certainty, that the benefit of PSA-based screening did not outweigh the harms and thus recommended against PSA-based screening for prostate cancer (2) . However, currently the USPSTF is reviewing their recommendation and has drafted a position which is more favourable towards screening, based on new follow-up data (10) .
In addition to harms of biopsy and intervention, the primary concern regarding PSA-based prostate cancer screening is the inability to distinguish between patients with indolent and aggressive forms of the disease. Prostate cancer screening programs have traditionally used a serum PSA cut-off of 4.0 ng/mL to indicate abnormality. However, many men with PSA values in excess of 4.0 ng/mL do not have prostate cancer, and even fewer have clinically significant prostate cancer. Further, up to 25% of men with PSA levels less than 4.0 ng/mL will be found to have highgrade prostate cancer, if subject to biopsy (11) . Thus, PSAbased prostate cancer screening lacks both sensitivity and specificity to identify men with aggressive prostate cancer.
As a result, in addition to significant over-diagnosis and overtreatment which has been well recognized, there is a risk for under-diagnosis.
Coinciding with the introduction of PSA testing, prostate cancer mortality has decreased approximately 40% from an epidemiologic perspective (12) . Approximately 45-70% of the decline in mortality is attributable to PSA-based prostate cancer screening (13) . It is predicted that complete discontinuation of PSA-based screening would result in the prevention of over-diagnosis for 710,000 to 1,120,000 men in the United States over a 12-year period (14) . On the other hand, it would result in 36,000 to 57,000 preventable deaths due to prostate cancer over the same period. Thus, as a public health intervention, prostate cancer screening offers the opportunity to decrease prostate cancer related mortality. Current approaches are associated with unacceptably high levels of toxicity, over-diagnosis and overtreatment, and under-diagnosis.
Attempts to overcome limitations of PSA-based screening
Advances and innovations in prostate cancer screening have sought to identify patients with an increased risk of prostate cancer (or clinically significant prostate cancer) among men with an abnormal PSA testing results, to guide biopsy decisions. The most widely adopted of these is the use of nomograms combining demographic details, physician examination findings, and biochemical results. The Prostate Cancer Prevention Trial based nomogram (15) and Sunnybrook Risk Calculator (16) are two well-known examples. Further advances have included the development of the STHLM3, a model combining plasma biomarkers (including PSA), genetic polymorphisms, demographic and clinical data in a population-based cohort of men with serum PSA ≥1 ng/mL (17) . In addition, there are a number of other biomarkers currently available to assist with prostate cancer risk stratification and diagnosis, including the 4K score (18) , an aggregate score of four kallikreins (total PSA, free PSA, intact PSA, and human kallikrein 2), PCA3 (prostate cancer antigen 3) (19), a non-coding RNA gene product, and PHI (prostate health index, a mathematical combination of total, free and [-2]pro-PSA) (20) . A greater number of prognostic biomarkers exist for patients following prostate cancer diagnosis, including Prolaris (21) are systematic errors in the design and execution of the discovery studies (25) . First, many biomarkers are developed without a clear clinical or research question which they seek to address. This is reflected in the wide variety of outcomes reported in the studies assessing the available tests. Further, the majority have been developed using surrogate endpoints (26) , rather than clinically significant outcomes such as distinguishing clinically-relevant disease from the absence of clinically-significant disease (25) . Finally, there is a significant publication bias in biomarker development studies with selective non-reporting (25) . Thus, new biomarkers currently serve as adjunct tests to PSA and not as new screening instruments.
Magnetic resonance imaging (MRI) of the prostate
Multiparametric prostate magnetic resonance imaging has an increasingly large role in the early detection and staging of prostate cancer. MRI (principally limited to T2-weighted imaging) was initially used as a staging test in patients with prostate cancer for assessment of direct extra-prostatic extension. Significant variability in diagnostic performance, limited ability to detect microscopic disease, and inability to localize the tumor within the gland itself limited its adoption (27) . Since that time, and in particular with the addition of diffusion weighted imaging allowing visualization of tumor within the prostate, there has been a migration in the use of MRI earlier in the disease process, and to direct biopsy (28) .
When performed in the evaluation of patients with elevated PSA levels with previous negative prostate biopsy, mpMRI has been shown to identify clinically significant prostate cancers which would have been otherwise missed by routine systematic biopsy (29) . Among men with an abnormal PSA who have never undergone a prostate biopsy, mpMRI demonstrated promise in both the detection and exclusion of prostate cancer, using an extensive prostate mapping biopsy (median 41 cores) as the referent (30) . In a multivariable analysis of an independent cohort including age, family history, prior 5-alpha reductase inhibitor use, digital rectal examination findings, PSA level, PSA density, and MRI score, only MRI score was predictive of clinically significant (Gleason score ≥7) prostate cancer among men without a history of previous prostate biopsy (adjusted OR 40.2, P=0.01) (31) . A screening approach using PSA testing followed by MRI for those with an elevated PSA (either ≥1.8 ng/mL or ≥3.0 ng/mL) showed significantly increased specificity compared to a strategy comprising PSA alone (32) . Use of a lower PSA threshold prior to MRI significantly increased the testing strategy sensitivity and detection of clinically significant cancer.
Recently Salami et al. compared the performance of the PCPT risk calculator and mpMRI in the prediction of clinically significant prostate cancer, among men with an abnormal PSA (33) . Prior to biopsy, MRI significantly outperformed the nomogram in identifying patients with clinically significant disease who may benefit from diagnosis and treatment. Thus, as the PCPT risk calculator is used in the initial screening phases for prostate cancer, it is reasonable to examine whether MRI might prove a better screening test.
Pilot study to examining the feasibility of MRI prostate cancer screening
In contrast to previously described approaches, the use of mpMRI in an otherwise unselected population is relatively untested. We recently conducted a pilot study assessing the feasibility of mpMRI as an initial prostate cancer screening test (34) . Following a newspaper based call for volunteers, 319 men agreed to participate in this study. Of these, 120 were eligible, 50 were enrolled due to limitations in funding, and 47 completed the study protocol. Serum PSA testing, mpMRI, digital rectal examination, and systematic (+/-targeted) prostate biopsies were performed on all men. Prostate cancer was identified in 18 of 47 men (38.3%). mpMRI (AUC 0.81, 95% CI: 0.67-0.94) significantly outperformed PSA (AUC 0.67, 95% CI: 0.52-0.84) in the prediction of prostate cancer. In multivariable analyses including age, digital rectal examination findings, PSA and MRI score, mpMRI was the only significant predictor for the presence of prostate cancer (adjusted OR 2.7, 95% CI: 1.4-5.4). These findings were even stronger when we sought to predict only clinically significant prostate cancer (Gleason ≥7; adjusted OR 3.5, 95% CI: 1.5-8.3).
Potential advantages of MRI-based screening
The use of MRI as an initial screening test for prostate cancer has a number of potential advantages, compared to an approach which relies upon PSA testing for initial risk stratification. The most important diagnostic characteristic of a screening test is high sensitivity. That is, can MRI can reliably identify clinically significant prostate cancer? Failure to do so would potentially exacerbate the issue of under diagnosis of prostate cancer highlighted above. The literature in this regard is somewhat conflicting: a recent systematic review demonstrated variable diagnostic accuracy characteristics of MRI in the diagnosis of clinically significant prostate cancer, depending on the thresholds for diagnosis (35) . However, sensitivity was generally high (5/8 studies demonstrating sensitivity exceeding 90%). In clinical practice, negative predictive value is of more importance than sensitivity. Thus, the clinically important question is, "In a patient with a negative MRI, can we be confident that there is no significant prostate cancer present?". While the available data are based upon those who have undergone prescreening with PSA testing, a recent review demonstrated that the negative predictive value of mpMRI was highest among populations with the lowest cancer incidence (36) . Thus, this parameter is likely to be maximized when MRI is used in a screening context, rather than among pre-screened men. Further, MRI with guided biopsy where a targetable lesion is identified has much higher negative predictive value (96.9%) than standard transrectal ultrasound guided biopsy (37) .
Radiologist expertise may also significantly influence the diagnostic characteristics of MRI. In a cohort of 101 patients, Branger et al. showed that a negative MRI could not exclude the presence of clinically significant cancer (manifest by Gleason pattern 4 or extraprostatic extension) (38) . However, experienced radiologists can exclude significant volumes (core length ≥5 mm) of Gleason score ≥7 prostate cancer with a negative predictive value exceeding 95% (39) .
Given the current controversies regarding prostate cancer screening, at least as important as the ability of MRI to detect clinically significant disease is the potential for this screening strategy to reduce the over diagnosis of clinically insignificant prostate cancer. In the report by Priester et al., tumors missed by MRI were significantly lower grade, smaller volume, and shorter in diameter than MRI-visible lesions (40) . Thus, while these authors consider MRI to be insensitive for prostate cancer, they have in fact shown that MRI may reduce the issue of over diagnosis of clinically insignificant disease without meaningfully compromising the diagnosis of clinically significant cancer (40) . These data corroborate previous evidence that the use of MRI and ultrasound TRUS/MRI fusion imaging in the targeting of prostate biopsy limits the diagnosis of clinically insignificant prostate cancer while simultaneously increasing detection of clinically significant prostate cancer (41) . Work in mice models has demonstrated that diffusion weighted imaging (DWI) derived apparent diffusion coefficient (ADC) measurements can distinguish between benign from malignant disease and between well-differentiated and poorly-differentiated cancers (42) . This has been further validated in human studies with ADC from mpMRI showing higher Gleason score cancers are associated with lower ADC (43) . Work continues on the potential role of ADC as a non-invasive quantitative imaging biomarker for prediction of the presence of clinically significant cancer (44) .
Much of the data supporting the potential role for screening MRI is drawn not from the use of MRI in the screening setting but extrapolation from reports among patients with abnormal PSA test results. Thus, further research is required.
Potential disadvantages of MRI-based screening
The primary disadvantage of adoption of an mpMRI-based approach for prostate cancer screening is the associated cost which is considerably higher than a serum PSA test at a population-based level. However, the per-individual costs for a prostate MRI are similar to those for colonoscopy, the recommended screening test for colorectal cancer (45) . In addition, in many jurisdictions, the cost of mpMRI is equivalent or marginally higher than genomic tests with the added advantage of providing biopsy guidance. Further, compared to ongoing PSA-based screening, mpMRIbased prostate cancer screening offers the opportunity to significantly reduce the cost and morbidity of prostate cancer screening by reducing the number of biopsies performed and reducing the diagnosis of clinically insignificant prostate cancer, thus reducing overtreatment. In addition, compared to abandoning prostate cancer screening entirely, mpMRIbased prostate cancer screening offers the opportunity to diagnose clinically significant disease while it is localized and amenable to prostate-directed treatments. Such treatment has been shown to decrease progression to metastatic disease (46) , which carries significant cost and morbidity (47) . Should mpMRI be proven to be a better screening instrument than serum PSA from further studies, comprehensive costrelated studies will be required to determine the feasibility of mpMRI screening for prostate cancer. and MRI for prostate cancer screening among an unselected cohort of men. In order to truly examine the performance of MRI in a screening setting, we are recruiting men aged 50 years and older in the general population with a life expectancy of at least 10 years and excluding those with symptomatic lower urinary tract voiding symptoms (IPSS score ≥8), those with a family history of prostate cancer (one or more first degree relatives diagnosed <50 years of age), a history of a previous prostate biopsy, who have undergone a serum PSA determination within 3 years of the recruitment date, an abnormal digital rectal examination of the prostate consistent with prostate cancer, prior or current use of 5-alpha reductase inhibitor medications (finasteride or dutasteride). Patients will be randomized using independent, electronic concealed allocation to prostate cancer screening using multi-parametric MRI (experimental arm) or serum PSA testing (active control).
Patient randomized to MRI-based screening who are found to have one or more lesions scoring PIRADS 4 or 5 will be considered to have a "positive MRI" and be recommended for targeted biopsy using a MRI/TRUS fusion system (Eigen, Artemis, Grass Valley, CA, USA or equivalent), in addition to systematic 12-core prostate biopsy. Patients with no identified PIRADS 4 or 5 lesions will not receive prostate biopsy. They will undergo followup by the study nurse. At the end of the study period (3 years from inclusion), patients in the "negative MRI" group will undergo a serum PSA test according to protocol. Patients with a serum PSA level less than 4.0 ng/mL will be managed expectantly with results provided to their primary care physician. Patients with a serum PSA level greater than 4.0 ng/mL will be recommended for systematic 12-core random, systematic prostate biopsy.
Patients randomized to PSA-based screening who have a serum PSA level less than 4.0 ng/mL ("negative PSA") will be managed expectantly with results provided to their primary care physician. Patients with a serum PSA level greater than 4.0 ng/mL ("positive PSA") will be recommended for systematic 12-core prostate biopsy.
All prostate biopsies will be read by genitourinary cancer pathologists in order to determine the presence of clinically-significant prostate cancer (study endpoint; Gleason score ≥7; ISUP Grade Group ≥2). The secondary endpoint will be detection of clinically-insignificant prostate cancer (Gleason score ≤6; ISUP Grade Group 1). Following a cancer diagnosis, patients will receive standard of care consultation with both a urologist and a radiation oncologist to inform their treatment decisions, which are independent of this study.
Based on our pilot study, we anticipated 14% of patients in the PSA group and 21% of those in the MRI group will be diagnosed with clinically-significant cancer. Based on standard assumptions of an alpha =0.05 and beta =0.20 (power =0.80) and a superiority design, we require 918 patients in total (459 in each arm). Allowing for a 10% dropout rate, we are seeking to recruit 1,010 patients. Thus far, we have screened approximately 450 patients and recruited approximately 150 patients.
Technological advancements may make MRI-based prostate cancer screening more feasible. While historically prostate MRI has required the use of an endorectal coil (48) , recent advances in MRI technology have obviated the need for the coil (49), thus reducing the cost and burden of the imaging. Further advancement may provide additional benefit. First is a simplified approach to imaging without the administration of contrast and with limited sequences. Such biparametric MRI has been shown to improve the accuracy of detecting clinically significant prostate cancer in men with abnormal PSA results (50) . Such an approach requires only half the in-bore time as current mpMRI techniques and is being used in our study. Second, advances in computer aided diagnostics and machine learning have demonstrated that automated interpretation of prostate MRI may be feasible (51, 52) . This may reduce the burden of radiologist interpretation and allow for greater reliability of interpretation. Recently presented, but not yet published, data show that combining mpMRI and clinical parameters in a nomogram may allow for a more refined selection of patients for prostate biopsy (53) , thus reducing health care cost and interventional morbidity.
Together, these innovations have the potential to substantially decrease the cost of prostate MRI, enabling more widespread use. In addition, use of MRI prior to biopsy resulted in a 51% reduction in the number of biopsies performed and decreased the diagnosis of low risk prostate cancer by nearly 90%, among men with elevated PSA (37) . Due to the significant costs of biopsy procedures, potentially unnecessary treatment, the management of complications of each of these, and avoidance of costly therapies for advanced disease due to improved diagnosis of intermediate and highrisk prostate cancer, earlier and more widespread use of MRI in prostate cancer may indeed prove cost effective.
Conclusions
Prostate cancer screening offers the opportunity to prevent morbidity and mortality with significant public health implications. However, PSA-based screening is fraught with concerns regarding both over diagnosis of clinically insignificant disease and under diagnosis. MpMRI exhibits favourable diagnostic characteristics which may make it a useful screening tool. Ongoing trials are underway in order to assess this in a prospective fashion.
